Key points r Neurons of the lateral superior olive (LSO) in the brainstem receive powerful glycinergic inhibition that originates from the contralateral ear, and that plays an important role in sound localization.
Introduction
Insight into the structure of a synaptic connection between two neurons is an important pre-requisite for understanding synaptic function (Walmsley et al. 1998; Atwood & Karunanithi, 2002; Silver et al. 2003) . In brain circuits, synaptic connections drastically vary in their structure, ranging from connections harbouring a single, or few active zones, up to multisynapse connections. Examples for impressive 'connection' specializations are found in the auditory brainstem of birds and mammals, where large, calyx-like excitatory nerve endings are found on specific neuron types (Ryugo et al. 1996; Oertel, 1999; Trussell, 1999) . Possibly the most extreme example is the calyx of Held, a large cup-like axo-somatic synapse in the medial nucleus of the trapezoid body (MNTB). Serial-section electron microscopic (EM) reconstruction of a MNTB neuron of a young rat has shown that the calyx covers 40% of the soma surface of an MNTB neuron and establishes ß550 active zones (Sätzler et al. 2002) . The number of ultrastructurally defined active zones agrees reasonably well with the number of 'functional' active zones estimated by EPSC variance analysis (ranging from 200 to more than 1000) (Meyer et al. 2001) .
Less is known about the ultrastructure of inhibitory synapses and about the structure-function correlates at inhibitory synapses. In many brain areas, principal neurons are surrounded by 'basket'-like arrangements of inhibitory synaptic terminals. In cortical and cerebellar structures, the presynaptic inhibitory baskets are provided by parvalbumin interneurons that often form soma-near, perisomatic synapses (DeFelipe & Fairén, 1982; Nahmani & Turrigiano, 2014; Kubota et al. 2015) . In other brain areas, such as the thalamus and cerebellum, large inhibitory nerve terminals have been identified and 3-D reconstructed. This work showed that relatively large inhibitory boutons can contain several active zones, indicative of strong inhibitory function (Telgkamp et al. 2004; Wanaverbecq et al. 2008; Giber et al. 2015) . Nevertheless, the continuity of several boutons linked by a given inhibitory axon has not been resolved with ultrastructural resolution.
In the auditory brainstem, strong glycinergic inhibition has been found at several levels, especially in the medial superior olive (MSO) and lateral superior olive (LSO) (Kim & Kandler, 2003; Couchman et al. 2010; Walcher et al. 2011; Gjoni et al. 2018, accompanying paper) . The MSO and LSO nuclei are concerned with the integration of auditory signals arising from the two ears (Tollin, 2003; Grothe et al. 2010) . Similarly, powerful inhibition has been found in the superior periolivary nucleus (Kopp-Scheinpflug et al. 2011) . Anatomical studies on the light microscopic level have shown that LSO neurons are surrounded by a dense mesh of glycine-containing (Helfert et al. 1989) or vesicular GABA transporter (VGAT)-positive or glycine-transporter 2-positive nerve terminals (Cooper & Gillespie, 2011; Hirtz et al. 2012) . Both LSO and MSO neurons also show a dense expression of postsynaptic glycine receptors at the soma and proximal dendrite (Friauf et al. 1997; Kapfer et al. 2002) . At the EM level, MSO and LSO neurons of cats and guinea pigs show a predominance of large nerve terminals with symmetric morphology and flattened vesicles (Clark, 1969; Cant, 1984) ; these have later unequivocally been identified as inhibitory, glycine-containing terminals (Helfert et al. 1992) .
Using optogenetic and fibre stimulation methods, we have recently found that the strengths of unitary IPSCs received by a given LSO neuron vary considerably, and that their average strength is quite large. These overall strong but variable unitary IPSC amplitudes are a key determinant of the action potential-firing tuning curve that results from excitation-inhibition integration in LSO neurons (Gjoni et al. 2018) . In the present study, we investigated the ultrastructural basis for this marked inhibitory input connectivity to LSO neurons. We aimed to quantify how many inhibitory axons contact an LSO neuron, as well as the substructure of the large inhibitory varicosities that can be seen at the light microscopic level (Helfert et al., 1989; Hirtz et al., 2012) . Furthermore, we investigated how individual large varicosities distribute along a given, unambiguously identified axon. The answer to these questions required ultrastructural resolution, on the one hand, to resolve individual synapses; on the other hand, it was necessary to reconstruct images in large stacks. For this purpose, we employed serial block-face scanning electron microscopy (SBEM) (Denk & Horstmann, 2004) .
Methods

Ethical approval
All procedures with research animals (mus musculus; C57Bl6 strain) were approved by the veterinary office of the Canton of Vaud, Switzerland (authorization # 2063 .3, 2063 ) and conform to the guidelines of the Journal of Physiology on animal ethics. Research work with animals at our institution operates under the Swiss Federal law on the protection of animals ('Loi fédérale sur la protection des animaux'). Mouse pups were housed in standard cages with their mother, with ad libitum access to food and water under a 12:12 h dark/light cycle. Prior to the preparation of native brainstem slices (see below), a mouse pup was killed by decapitation, in a procedure approved by the veterinary office of the Canton of Vaud, Switzerland (authorization # 2063 .3, 2063 .
Electrophysiology and measurement of asynchronous release
Brainstem slices were prepared from postnatal day (P)16-18 C57Bl6 mice as described in the accompanying paper (Gjoni et al. 2018) . Whole-cell patch clamp recordings of LSO principal neurons were made with pipettes filled with a solution containing 140 mM CsCl and 20 mM TEA-Cl ('high [Cl − ] i pipette solution'; for the full composition of this solution, see Gjoni et al. 2018) . Afferent fibres were stimulated with a custom-made platinum/iridium bipolar electrode placed medially to the LSO. To evoke asynchronous release, an extracellular solution (for the complete composition, see Gjoni et al. 2018 ) containing 2 mM SrCl 2 (Sigma-Aldrich/Fluka, Buchs, Switzerland) instead of CaCl 2 was perfused into the recording chamber after obtaining control recordings in the presence of 2 mM CaCl 2 (Fig. 1) . Both solutions contained NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline) (10 μM) and D-APV (D-2-amino-5-phosphonopentanoic acid) (50 μM) to exclude any contribution by accidentally stimulated excitatory inputs. High frequency trains of electrical fibre-stimulation (30 action potentials at 200 Hz) were applied, and the resulting asynchronous release events were manually detected during a 450 ms time interval. The latter started at 0 ms (for small stimulation intensities) or at 50 ms (for larger stimulation intensities) after the 200 Hz stimulus trains. We regard asynchronously occurring IPSCs as quantal events (miniature IPSCs, or mIPSCs). The number of released quanta, or quantal content, was calculated by dividing the amplitudes of IPSCs measured in 2 mM Ca 2+ , by the quantal amplitude for each stimulation intensity.
EM sample processing, imaging and contouring for SBEM
C57Bl6 mice (P18) (N = 3) were deeply anaesthetized by I.P. injection of pentobarbital (150 mg kg -1 body weight) and transcardially perfused with 2% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, at room temperature as described previously (Knott et al. 2011) . The final SBEM data set (Figs. 2-4) resulted from a single, partially reconstructed soma and proximal dendrite of a LSO neuron contained in the medial region of the LSO of a P18 mouse. Another LSO neuron from a different mouse was initially reconstructed partially, although its more complete reconstruction was not pursued further.
The fixed brains were cut on a vibratome and 80 μm thick coronal brain slices containing the LSO region were processed for EM including en bloc lead aspartate staining to enhance the contrast (Tapia et al. 2012) . A small tissue block containing the LSO region was glued onto a pin and trimmed with an ultramicrotome to a size of 350 × 350 μm for serial block face imaging in the Zeiss Merlin scanning electron microscope (Carl Zeiss, Oberkochen, Germany) equipped with a Gatan 3view system (Gatan Inc., Pleasanton, CA, USA) using the Gatan back scattered electron detector. A series of 2 × 1000 images were taken at 1.5 kV, 380 pA, with a section thickness of 50 nm and a 1 μs dwell time, and a voxel size of 7 × 7 × 50 nm. To capture the area of interest including a cell body and its dendrites, a 2 × 1 montage was taken; each image had 5000 × 5000 pixels with a pixel size of 7 nm. Images were aligned automatically and structures of interest were manually traced using TrakEM in Fiji (RRID: SCR 002285; https://fiji.sc) (Cardona et al. 2012) .
A segment of an axon that contacted the soma or the proximal dendrite was first classified as inhibitory or excitatory (see Results) and its soma-near profiles were traced on each image of the stack. For axon locations close to the LSO soma or proximal dendrite, tracing/segmentation was performed by contouring. In a second step, we followed each inhibitory axon up to the edges of the reconstructed volume by skeletonizing (Fig. 2F) to ensure that the axons were not contiguous with each other in the reconstructed volume.
A subpopulation (n = 15) of the total n = 41 inhibitory axons found in the present study, and all (n = 9) excitatory axons that made synapses with the LSO neuron, were reconstructed with greater detail, focusing on active zones and contact areas. The segmented features such as axonal segments, contact areas and active zones were imported into the J Physiol 596.20 Blender software, version 2.77a (RRID: SCR 008606; https://www.blender.org) for visualization and analysis of the 3-D models. Length and area measurements were made in the Neuromorph toolset (RRID: SCR 002091; https:// neuromorph.epfl.ch) by selecting the relevant vertices (Jorstad et al. 2015) . Inhibitory and excitatory synapses, and hence their parent axons, were distinguished based on the morphological criteria described in the Results.
Statistical analysis
Statistical tests were performed using Prism (GraphPad, RRID: SCR 002798; GraphPad Software Inc., San Diego, CA, USA). To test whether there was a statistically significant difference between the two data sets in Fig. 1D , a D'Agostino and Pearson normality test was first performed. The Mann-Whitney test was then used to determine a statistically significant difference because the data were not normally distributed. The linear correlation between the number of active zones and varicosities (Figs 3I and 4I) , as well as between the number of active zones and contact areas (Figs 3M and 4M) , was assessed with Pearson's correlation.
Results
Measurements of quantal content underlying small and large unitary IPSCs
LSO neurons receive several unitary IPSCs that strongly vary in their amplitudes, and which have an overall high synaptic strength (Kim & Kandler, 2003; Walcher et al. 2011; Gjoni et al. 2018) . We first aimed to investigate how many quanta are released (quantal content) at both 'weak' and 'strong' inhibitory inputs. This number should have immediate relevance for the ultrastructural reconstruction because it provides a lower-limit estimate of the number of active zones, considering that the release probability per active zone is generally lower than 1 (Meyer et al. 2001; Krächan et al. 2017) .
Aa
To estimate quantal content, we measured the quantal amplitudes at the MNTB-LSO connection with electrical fibre stimulation using the Sr 2+ method to de-synchronize transmitter release (Goda & Stevens, 1994; Xu-Friedman & Regehr, 2000) . This method has been used previously at the MNTB-LSO synapse and quantal sizes of ß60 pA were found in P10-P12 mice (Kim & Kandler, 2010) . In our experiments, we probed two different stimulus intensities in each recording: a low stimulation strength, which preferentially recruits a weak unitary IPSC, and a higher stimulation strength, which recruited a second, usually stronger unitary IPSC in addition to the first one ( Fig. 1A) (Gjoni et al. 2018) . We then measured asynchronous release in the presence of Sr 2+ at both stimulation intensities ( Fig. 1Ba and Bb) (see Methods). In the example recording of Fig. 1 , the average mIPSC amplitudes for the low and high stimulation intensity were 112 pA and 102 pA, respectively ( Fig. 1Ca and Cb). This suggests that, in this cell, the quantal sizes utilized by the small and large IPSC input were similar.
Across n = 6 recordings from N = 5 mice, we found three cells with equal quantal size (Fig. 1D , open symbols), two cells in which the quantal size was 1.2-and 2.8-fold larger with stronger stimulation (Fig. 1D , closed symbols), and one cell in which the quantal size was smaller at the higher stimulation intensity (Fig. 1D, star symbol) . The means of the quantal sizes upon weak and strong stimulation were 123.6 ± 51 pA and 136.4 ± 48 pA, which was not significantly different (n = 6 cells; P > 0.99, Mann-Whitney test) (Fig. 1D) . Thus, we conclude that the quantal size was not consistently larger for unitary IPSCs with large amplitudes.
Next, we calculated the quantal content for the firstand second input, which gave values of 8 ± 3.8 (range 5-15) and 48 ± 39 quanta (range 9-115) (Fig. 1E) across all recorded cells. These values suggest that small vs. large inhibitory inputs mainly differ in their quantal content (number of released quanta). The data also show that the larger class of unitary IPSCs, with amplitudes of > 1 nA, are caused by the synchronous release of 20-100 quanta (Fig. 1Eb) . Thus, inhibitory axons of the larger class must harbour a large number of active zones.
Reconstruction of inhibitory and excitatory axons contacting an LSO neuron
We next aimed to reconstruct the inhibitory and excitatory axons that make contact with the soma, and the proximal dendrite of a LSO neuron, using the the SBEM approach (Denk & Horstmann, 2004) . C57Bl6 mice (N = 3) at P18 were transcardially perfused with fixative and their brain tissue was prepared for electron microscopy (see Methods). The reconstructions shown in Figs 2-4 resulted from n = 1 LSO neuron cell body and initial dendrite from N = 1 mouse.
In individual EM images ( Fig. 2A) , inhibitory axons were identified based on the ultrastructural features of their synapses, which showed vesicles with an ellipsoidal shape (Fig. 2B) , whereas excitatory synapses showed vesicles that were more rounded (Clark, 1969; Cant, 1984; Helfert et al. 1992) (Fig. 2C) . Excitatory synapses also showed the typical asymmetric features with a more pronounced postsynaptic membrane (Fig. 2C ) compared to the inhibitory type (Fig. 2B) . Furthermore, examination of synapse ultrastructure through the serial images (not shown), as well as the final reconstructions of long stretches of both inhibitory (Fig. 3 ) and excitatory axons (Fig. 4) , allowed us to classify the axons as being either inhibitory or excitatory.
The 3-D rendering of all reconstructed axons revealed a prevalence of inhibitory axons (Fig. 2D, red) , and fewer excitatory axons ( Fig. 2D, blue; for an animated view of the 3-D structure, see also Supporting information, Movie S1). In Fig. 2E , only the inhibitory axons were retained, and these are shown in different colours (see Supporting information, Movie S2). These data reveal how inhibitory and excitatory axons distribute around the soma and proximal dendrite of an LSO neuron. Note, however, that the reconstruction of some shorter axon segments was not pursued, and therefore the density of axons making contact with this LSO neuron might be higher than suggested in Figs. 2D-F.
Following the reconstructions of axon segments close to the soma, we then traced each axon up to the end of the reconstructed volume (Fig. 2F ) (see Methods). Within the given reconstruction volume (70 × 35 × 50 μm), we found n = 41 separate axon segments. However, because we cannot exclude that separate axon segments are continuous with one another beyond the reconstructed volume, the number of n = 41 is probably an upper limit estimate (see Discussion).
Ultrastructural analysis of varicosities and active zones in inhibitory axons
We next aimed to investigate the substructure of inhibitory varicosities, with a focus on how varicosities that belong to the same inhibitory axon are distributed on the postsynaptic neuron, as well as how many active zones could be formed within individual varicosities. For this, we further reconstructed a subset of the initially reconstructed J Physiol 596.20 inhibitory axons (n = 15/41) by adding contours of active zones, and contact areas for each EM image. We defined active zones as areas occupied by vesicles lying immediately adjacent to the presynaptic membrane (Fig. 3A, upper inset, blue line) and contact areas by pre-and postsynaptic membranes in tight apposition to each other (estimated distance, 30 nm or less) (Fig. 3A, green line) . In the 3-D reconstructions, active zones (blue) located within larger contact areas (green) then became apparent (Fig. 3B) . In most cases, contact areas and active zones were located within axonal thickenings. We call these 'varicosities' , irrespective of whether they were terminal varicosities, or varicosities formed by passing-by axons (examples for both can be seen in Fig. 3B-E) . A minority of thickenings defined by their form did not contain active zones, and some contained synapses on a different LSO neuron (Fig. 3D, arrow) . These structures were not added to the varicosity sample analysed here. Figure 3B -E shows four examples of inhibitory axons, with an emphasis on relatively large inhibitory axons with multiple varicosities (see the statistics for all the n = 15 reconstructed axons in Fig. 3F and G) . In many axons, large varicosities were repeated at short intervals and, in some axons with large varicosities, two to three rows of active zones extending over the whole width of the varicosities were visible (Fig. 3B and C) . This reveals a striking ultrastructural specialization to accommodate a high density of active zones on a limited subspace of the soma of an LSO neuron. In other examples, passing-by axons made side branches with varicosities that contacted the reconstructed LSO neuron ( Fig. 3C and E) . Other axons passed along both the soma and the dendrite of the LSO neuron for a longer distance and made varicosities and synapses on both compartments (Fig. 3D) .
We quantified the varicosity number per axons (Fig. 3F ), the number of active zones per axon and per varicosity (Fig. 3G-I) , and the sizes of varicosities, contact areas and active zones (Fig. 3J-L) . The inhibitory axon segments analysed had on average 5.8 ± 3.6 varicosities (range 1-13) (Fig. 3F ) and 19.5 ± 9.3 active zones (range 1-38) (Fig. 3G) . Note, however, that these numbers are lower-limit estimates because individual axons might not have been reconstructed over the entire extent over which they elaborate output synapses with the reconstructed LSO neuron (see Discussion).
The individual varicosities contained on average 3.1 ± 2.4 active zones (range 1-11; n = 88 varicosities) (Fig. 3H) . A plot of the number of active zones vs. the number of varicosities in each axon shows that most data points are located above the unity line (Fig. 3I) , caused by the fact that most inhibitory varicosities have more than one synapse. The width of the varicosities at their maximal extension was on average 3.7 ± 2.2 μm (range 1.1-11.2 μm; n = 88 varicosities) (Fig. 3J ). The contact areas had an average surface of 1.19 ± 0.82 μm 2 (n = 215 contact areas) (Fig. 3K) . The average active zone area was 0.055 ± 0.036 μm 2 (n = 292 active zones) (Fig. 3L ). Finally, a plot of the number of active zones vs. the number of contact areas in each axon showed a good correlation (r = 0.92; Pearson's coefficient) (Fig. 3M) . Most data points were localized above the unity line, which reflects the finding that each contact site normally contained one, or two active zones (on average, 1.36 active zones per contact site) (Fig. 3B-D) . These data thus reveal the ultrastructural basis of strong unitary inhibition, in showing that repeated varicosities form on passing-by or branching axons, and that individual varicosities contain multiple active zones.
Varicosities and active zones in excitatory axons
We also found a smaller number of excitatory axons on the soma and proximal dendrite of the reconstructed LSO neuron (Fig. 2D, blue axons) . To compare the morphology of excitatory axons with the one of the inhibitory axons, we traced the majority of the excitatory axons in the reconstructed volume (Fig. 4) . It should be noted, however, that excitatory axons are preferentially located on the dendrites of LSO neurons (Helfert et al. 1992) and thus the sample that we obtained is probably not fully representative of excitatory inputs to an LSO neuron. Previous functional studies have shown that the excitatory inputs to LSO neurons are graded in nature without obvious steps, and minimal electrical and optogenetic stimulation has shown unitary EPSC amplitudes of ß50 pA (Gjoni et al. 2018 ) or 50-200 pA (Case et al. 2011 Felix & Magnusson, 2016) .
Out of the n = 10 excitatory axon segments in the reconstructed volume, n = 9 were found to make synapses with the reconstructed LSO neuron. The overall morphology of excitatory axons was different from that of inhibitory axons. Excitatory axons were thinner and their varicosities were separated by longer axonal distances. Excitatory varicosities appeared to be more round in 3-D space compared to the majority of inhibitory varicosities; the latter presented a rather flattened shape by expanding preferentially in two dimensions ( Fig. 3B-E Note that the majority of the data points fall slightly above the unity line, reflecting the finding that many contact areas contain more than one active zone. The number of observations is given next to each histogram and reflects the number of fully reconstructed inhibitory axons (n = 15) (F and G), the number of reconstructed varicosities (n = 88) (H and J), the number of identified contact areas (n = 215) (K) and the number of active zones (n = 292) (L). Fig. 3 (see insets) . B, 3-D reconstruction of axon 1 with its contact areas shown in green, and active zones shown in dark blue. C-E, examples of reconstructed excitatory axons that establish synaptic contacts on the soma (axon 5), or on the proximal dendrite (axons 3 and 9). The grey circles highlight the varicosities identified in each axon.
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of Math5-positive bushy cell axons in confocal scans (Gjoni et al. 2018) . Some excitatory varicosities established synapses onto targets other than the reconstructed LSO neuron (Fig. 4D, arrows) ; these varicosities were not included in the analysis. We found that the excitatory axons contained on average 1.8 ± 0.7 varicosities (range 1-3) (Fig. 4F ) and 2.8 ± 1.8 active zones (range 1-7) (Fig. 4G) . Thus, soma-near excitatory axons had a smaller number of both varicosities and active zones than inhibitory axons. Excitatory varicosities contained on average 1.5 ± 0.9 active zones (range 1-4) ( Fig. 4H and I) . The maximal width of the excitatory varicosities was 2.4 ± 0.6 μm (range 1.2-3.4 μm) (Fig. 4J ). The contact areas had an average surface of 0.54 ± 0.42 μm 2 (Fig. 4K ) and the active zone surface was estimated to be 0.06 ± 0.05 μm 2 (n = 20) (Fig. 4L) . A plot of the number of active zones as a function of the number of contact areas in each axon showed a good correlation (r = 0.8; Pearson's coefficient) (Fig. 4M) , with most contact sites normally containing one, or two active zones (on average, 1.25 active zones per contact site). Thus, compared to the inhibitory axons, excitatory axons make contact with LSO neurons through fewer and slightly smaller varicosities, and most excitatory varicosities elaborate only a single active zone with the postsynaptic LSO neuron.
Discussion
We have used SBEM to reconstruct the complex meshwork of inhibitory terminals that surround the soma and proximal dendrites of an LSO neuron. The findings provide the ultrastructural correlate for several unitary IPSCs with different amplitudes that a given LSO neuron typically receives (Kim & Kandler, 2003; Walcher et al. 2011; Hirtz et al. 2012; Gjoni et al. 2018) . SBEM allowed us, on the one hand, to reconstruct relatively long axon segments; some axons could be followed for more than 40 μm (Fig. 3) . On the other hand, the ultrastructural resolution of SBEM enabled us to unequivocally identify inhibitory and excitatory synapses established by separate pools of axons onto a LSO neuron, and to count the number of active zones (synapses) established by individual varicosities. These data reveal that, in inhibitory axons, relatively large varicosities each typically containing several active zones, are repeated multiple times along axons of passage or within terminal branches. The repeated multisynapse varicosities are expected to allow massive multiquantal release upon an action potential in a given presynaptic axon. At the same time, the reconstruction reveals that a large number of seemingly separate inhibitory axons intermingle in a complex fashion around the soma and proximal dendrite of an LSO neuron.
Technical considerations
An important limitation of the present study is the volume that we were able to reconstruct (70 × 35 × 50 μm). Within this volume, we observed n = 41 apparently separate inhibitory axon segments. This number is much larger than the number of inhibitory inputs observed in electrical and optogenetic stimulation experiments (ß4-6) (Kim & Kandler, 2003; Walcher et al. 2011; Gjoni et al. 2018) . However, the number of functional unitary IPSCs probably represents a lower limit estimate because some inputs might be cut in slice preparations, and others might not be stimulated successfully. On the other hand, the number of inhibitory axons in the present SBEM reconstruction (n = 41) is probably an upper limit estimate because some apparently separate axon segments might arise from a common axon that branches outside of the reconstructed volume. Thus, we cannot safely conclude on the number of inhibitory inputs received by a single LSO neuron based on the present SBEM data. A similar disagreement between the number of optogenetically stimulated synaptic inputs, and the number of inputs found in connectomics studies on the light and electron microscopic level (Morgan et al. 2016; Rompani et al. 2017) , has recently been found at the retinogeniculate synapse (Litvina & Chen, 2017) .
The LSO receives an important inhibitory input from the MNTB (Sanes, 1990; Kim & Kandler, 2003; Hirtz et al. 2012) , but other structures such as the ventral nucleus of the trapezoid body provide additional inhibition to the LSO (Warr & Beck, 1996; Jalabi et al. 2013) . Previous work has reported on light microscopic reconstructions of single inhibitory axons in the LSO after filling MNTB neurons in slice preparations of young gerbils (Sanes & Siverls, 1991) and mice (Hirtz et al. 2012; Clause et al. 2014 ; for the MNTB to MSO projection, see also Werthat et al. 2008) . At a similar age as that used in the present study (P18), it was found that MNTB axons densely branch over a small area of the LSO indicating a restriction of the innervation area to the tonotopically matching area in the LSO after hearing onset (Sanes & Siverls, 1991; Hirtz et al. 2012; Clause et al. 2014) . All three studies found that single MNTB axons can establish ß150 varicosities in the LSO as identified on the light microscopic level. The number of varicosities that we found here was much smaller (range 1-13) (Fig. 3F) . One obvious reason for this difference is that MNTB neurons most probably make outputs onto several LSO neurons, whereas in the present study, only varicosities that established synapses with a single reconstructed LSO neuron were considered. In addition, it is possible that we missed varicosities as a result of the limited volume that we were able to reconstruct, and because axon segments that belong together were not recognized as such if their common branchpoint was outside of the reconstructed volume.
Structure-function relationships
The present estimates of number of active zones per inhibitory axon and their distribution across axons can be compared to functional measurements of the quantal content and its variability (Fig. 1) . We measured asynchronous release and its quantal amplitudes both for a single, typically 'weak' input, or when release occurred from additionally a stronger input after higher stimulation intensity (Fig. 1) . The results suggested a large quantal size (ß130 pA on average under high [Cl − ] i ); no obvious difference in the quantal amplitudes employed by 'weak' and 'strong' inputs; and the synchronous release of up to 20-100 quanta for 'strong' unitary IPSCs (Fig. 1) .
The ultrastructural data, on the other hand, showed that inhibitory axon segments contained 1-39 active zones (average, ß20), distributed over 1-13 varicosities ( Fig. 3F-I ). Previous work has estimated the release probability per readily-releasable vesicle to be ß0.15-0.4 at inhibitory synapses onto LSO neurons (Krächan et al. 2017) . Therefore, we can assume that the average release probability at a single active zone is well below 1 (regarding the difference between release probability per readily-releasable vesicle, and per active zone, see also Meyer et al. 2001) . Assuming, for simplicity, a release probability per active zone of 0.5, then 20 active zones per inhibitory axon (the value found here) (Fig. 3G) would produce an IPSC with ß10 released quanta. This number agrees with the quantal content for 'weak' unitary IPSCs but it is too small to account for 'strong' unitary IPSCs (Fig. 1) (Gjoni et al. 2018) . We think this disagreement again indicates that the number of varicosities (and therefore, active zones) in a single inhibitory axon was underestimated (see discussion above).
In total, there were 292 active zones distributed over n = 15 axon segments that we reconstructed in detail (Fig. 3) . Considering a quantal amplitude of ß130 pA (Fig. 1) , and assuming a release probability of 0.5 at active zones, the number of active zones reconstructed here (n = 292) would account for a compound IPSC of ß20 nA amplitude. In agreement with this rough calculation, we found that near-maximal optogenetic stimulation of all inhibitory nerve terminals under the parvalbumin promoter produced IPSCs of at least 30 nA (Gjoni et al. 2018) . The numbers agree reasonably well considering that the 292 reconstructed active zones found here represent only a fraction of the inhibitory axons (n = 15/41 axons; nevertheless, we preferentially reconstructed the longer axon segments with many active zones). These data, and the surprisingly large total IPSCs observed after near-maximal optogenetic stimulation (Gjoni et al. 2018) , again highlight that LSO neurons are subject to strong inhibition mediated by several presynaptic fibres that converge onto the soma and proximal dendrite.
Large axonal varicosities as a structural highlight for strong inhibition
At many axon terminals of functionally strong inhibitory connections, large varicosities with multiple active zones have been observed (Telgkamp et al. 2004; Nahmani & Turrigiano, 2014; Giber et al. 2015) . Why is it advantageous for strong inhibitory connections to group several active zones into a varicosity? It is obvious that the release probability at a given varicosity will scale with the number of active zones. However, because it can be assumed that active zones across different varicosities and along an axon function independently of each other (assuming that action potentials pass reliably through varicosities and their intervening axon segments), the functional meaning of reliable release from individual varicosities remains questionable. At inhibitory synapses onto cerebellar nucleus neurons, evidence for pooling of neurotransmitter from neighbouring active zones has been observed and explained by the presence of neighbouring active zones at close distance within large inhibitory boutons (Telgkamp et al. 2004) . However, at the fast-signalling inhibitory auditory synapses investigated in the present study, transmitter pooling and desensitization of postsynaptic receptors would likely be an unwanted property.
An alternative explanation for the existence of multisynapse varicosities at the MNTB to LSO connection, and also at other strong inhibitory connections, might be sought in the development of these connections. It is conceivable that an axon that grows along the soma of a postsynaptic target neuron initially forms smaller en passant boutons with only few active zones at J Physiol 596.20 each varicosity. Then, as the connections grow stronger with development, either new varicosities could be added, or else existing small varicosities could extend to gain access to a larger surface of the postsynaptic soma, and form additional synapses with the postsynaptic neuron. Consistent with the latter scenario, we found in a preliminary SBEM data set that inhibitory axons in a P5 mouse had small varicosities (E. Gjoni, unpublished observations). Thus, it is possible that ingrowing inhibitory axons first sketch out their territory of contact with the postsynaptic soma, and later add additional active zones into existing varicosities; both steps might be under competitive control by other ingrowing axons. The developmental steps in the establishment of large inhibitory varicosities should be further investigated in future studies.
In summary, we have used SBEM to reconstruct the dense meshwork of mainly inhibitory axons and their varicosities that surround and make synaptic contact with a single LSO neuron. This revealed large, multisynaptic varicosities that occur repeatedly along individual inhibitory axons. This arrangement allows individual inhibitory axons to generate large, multiquantal IPSCs. Thus the present study provides the ultrastructural correlate of powerful unitary inhibition often found in binaural neurons of the lower auditory brainstem. 
